Osmotic and turgor adjustment in roots, shoots, and whole sporophytes of a NaCI-tolerant mutant and a NaCI-sensitive wildtype strain of the fern Ceratopteris richardii Brongn. were charactenzed following exposure to 60 millimolar NaCI, using a psychrometric approach to pressure-volume analysis. Water potential components of whole plants and shoots at full or ambient hydration were similar between strains. Roots of the mutant, however, had osmotic potentials at full turgor and water potentials at zero turgor which were lower (0.32 and 0.46 megapascal, respectively) than those in roots of the wild type after salinization. Although compromised in the absence of NaCI, sporophytes of the mutant strain were larger and much less necrotic in 60 millimolar NaCI after 17 days, compared to the wild type. Root growth in the mutant strain was unaffected by salinization and far exceeded root growth in the wild type. Correlation coefficients of the linear regression and the general consistency and precision of the pressure-volume data demonstrated the feasibility of using PV cuw for estimating water potential components of roots.
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The Iwtique should also provide a means of studying osmoregulaion in a variety of other rapidly equilibrating plant tissues.
Generating V/2 isotherms by PV analysis is regarded as the most accurate method of estimating the symplastic 4',. of live plant tissue (33) . A psychrometric or hygrometric determination of the 4', of plant extracts or frozen/thawed material is used frequently because of its speed and simplicity, but this assay presents several problems (5, 8, 13, 33, 35) . PV curves also provide much more information about the dynamics of tissue water status than the one-time measurement of extracts or killed tissue, giving estimates of elasticity, water partition-'Partially supported by NSF Grant DMB 88-03620 (L. G. H.). 2 Abbreviations: 4A, water potential; 4,, osmotic potential; RWC, relative water content; PV, pressure-volume; 4'p, turgor or pressure potential; 1 0a23, NaCl-tolerant mutant strain; Hn-n, wild-type strain; 4t, ambient water potential; 4',.a ambient osmotic potential; /,,,a, ambient pressure potential; 0,,'°", osmotic potential at full turgor; ,t0, water potential at the turgor loss point; ROWC, relative osmotic water content; R/S, root:shoot ratio; T/D, turgid weight:dry weight ratio; ROWC°, relative osmotic water content at the turgor loss point; RWC°, relative water content at the turgor loss point; ROWCa, ambient relative osmotic water content; RWCa, ambient relative water content; FW, fresh weight; DW, dry weight. ing, and component 4' changes across a broad range of RWC (31, 33) .
The importance of roots in studies of plant growth and metabolism is obvious, yet the water relations of roots are routinely neglected. As a consequence, very little is known about osmotic and turgor regulation in roots. Use of the pressure chamber for PV analysis of roots has been attempted (16, 27, 32) but there have been some problems adapting this technique to roots. Root pressure apparently obscures the reading of balance points at high RWC (32) , and 41 estimates at lower RWC are often erroneous because of tissue damage related to high pressurization.
Theoretically, a psychrometric determination of root 4' offers important advantages. No pressurization is required, which allows reliable 4A estimates at much lower RWC than possible with the pressure chamber. Additionally, the problems related to root pressure with 4A estimates at high RWC are avoided. Moreover, a psychrometric determination of total ,6 may be more accurate. The pressure chamber gives only a measure of the 4,, of the apoplastic fluid; this is usually equated with total tissue 4A, based on the assumption that apoplastic solute content is negligible (6, 32) . Recent evidence, however, indicates that apoplastic ',. of various tissues may be as low as -0.3 MPa under certain conditions (7, 19) . The psychrometer, on the other hand, does furnish an estimate of total ,6 and is particularly useful for assaying 4' in rapidly equilibrating tissues.
One objective of this study, therefore, was to determine the feasibility of using thermocouple psychrometry to generate PV curves of root tissue. Roots provide ideal candidates for psychrometry for three reasons: a lack of cuticle, a very high surface area-to-volume ratio and, typically, a very low ratio of cut surface-to-total surface area. The first two characteristics contribute to rapid sample equilibration within the psychrometer chamber, and the last obviates much of the 'cutedge' effect which sometimes confounds psychrometric estimates of leaf 41 (21, 39) . Part of the objective was to study osmotic and turgor regulation in roots subjected to salinization. The ability of cells to adjust internal 4', and thus regulate water gain or loss in response to the osmotic and/or ionic stress of salt exposure has long been observed in aerial plant organs (1 1), yet reports of this protective phenomenon occurring in salinized roots are lacking.
The homosporous fern Ceratopteris richardii forms a unique model system for an in vitro whole plant approach to basic and applied studies of plant development, physiology, genetics, and molecular biology (12) . Mutants tolerant of NaCl, abscisic acid, glyphosate and paraquat have been successfully recovered and characterized using the haploid sexual phase of the fern (12, 34) . This system has provided an especially sensitive means of distinguishing mutants possessing only subtle differences.
The many integrated morphological and metabolic processes associated with salt tolerance in both halophytic and glycophytic plants reflect tremendous genetic complexity (10, 38) . The NaCl-tolerant mutants of Ceratopteris, however, permit an examination of the independent contributions of different mutations on a common wild-type background and allow studies of tolerance at the cellular and molecular levels.
Previous work has described two single gene nuclear mutants (NJO and N16) that confer low to moderate tolerance to 100 to 150 mm NaCl in the haploid gametophyte generation of Ceratopteris (34) . Only slight tolerance has been observed in the diploid sporophyte generation of strains homozygous for either mutation. A strain, 10a23, with higher tolerance to NaCl in both the gametophyte and sporophyte generations was obtained by mutagenizing spores containing the NJO mutation and selecting for gametophyte growth on medium containing 200 mm NaCl (LG Hickok, TR Warne, unpublished data). This strain is highly tolerant to NaCl in the gametophyte generation (up to 275 mM) and can be clearly distinguished from the NaCl-sensitive wild-type (Hn-n) when sporophytes are subjected to NaCl stress. Genetic analysis has shown that strain 10a23 contains another mutation, Na23, in the NJO genetic background. The Na23 mutation shows a high level of NaCl tolerance in gametophytes, which is significantly enhanced by the presence of the NJO mutation.
Our second objective was to investigate some of the effects of the combined NJO and Na23 mutations on the water relations of the diploid generation: to characterize osmotic adjustment and turgor maintenance in NaCl-sensitive wildtype and NaCl-tolerant 10a23 strains exposed to salinity stress.
MATERIALS AND METHODS

Plant Material
Completely homozygous sporophytes of Ceratopteris richardii Brongn. had been previously generated by self-fertilization of a single haploid gametophyte of each mutant strain (12, 34) . Sporophytes for PV analyses were generated by flooding axenic gametophyte cultures of each homozygous strain with sterile distilled water to effect fertilizations. This resulted in a uniform population of genetically identical sporophytes for each strain. Twenty-d-old sporophytes were floated in 100 mL fresh mineral nutrient medium, pH 6.0 (12) , in 300 mL styrofoam cups (5 cup-'). Cups were individually covered with transparent plastic bags and placed in a growth chamber maintained at a constant thermo-photoperiod of 28 ± 2°C and about 85 ,umol m-2 s-' PAR. Cultures were maintained for 12 d prior to treatment, with a complete change of medium at 7 d. Sporophytes for growth comparisons were generated in a similar manner except that each cup contained four sporophytes and the cultures were maintained for 10 d prior to treatment.
Young sporophytes were used throughout the experiments. This allowed sampling of whole plants within the psychrometer chamber, and expedited sample equilibration time, as little cuticle forms in young plants growing in atmospheres of very high relative humidity.
NaCI Treatment
Treatment was initiated by replacing the nutrient medium in the cultures with fresh nutrient medium containing either 0 or 30 mm NaCl. After 2 d acclimation, the medium was replaced with fresh medium containing either 0 or 60 mM NaCl. Treatment was continued for 18 d, with a replacement of medium at either 8 and 13 d (PV analysis) or 7 and 14 d (growth analysis). Osmotic potentials of the culture solutions were -0.03 and -0.29 MPa for the control and 60 mM NaCl treatments, respectively.
Throughout this paper, the designations 'd 4,' 'd 10,' and 'd 17' of salinity exposure include the 2 d 30 mm NaCl acclimation period which immediately preceded placement into 60 mm NaCl (and then 2, 8, and 15 d exposure to 60 mM NaCl, respectively).
Growth Analysis
On d 10 and 17, DWs were determined for six samples from the 0 mm treatment and eight samples from the 60 mM treatment. Shoots and roots were weighed separately. DWs were taken after oven drying overnight at 80°C.
PV Analysis
An SC-10 thermocouple psychrometer with sample changer connected to an NT-3 nanovoltmeter thermometer (Decagon Devices, Pullman, WA) was used to derive temperature and ,AV readings (for conversion into A values) for derivation of PV curves. The psychrometer was calibrated at ambient laboratory temperature using a graded series of NaCl solutions. Standard psychrometer operating procedures were observed (4, 28) .
PV curves were derived on d 4 and 10 for whole sporophytes and d 17 for root and shoot samples from plants of each genotype from the 60 mm NaCl treatment. Control plants (0 mM NaCl) ofeach genotype were assayed on the day following salinized plants.
Samples (0.1-0.5 g FW) were quickly rinsed in disH20 and blotted dry, weighed, and placed in the psychrometer chamber. All manipulations were performed in an enclosed humid chamber to minimize evaporative loss from tissue. Preliminary tests indicated that generally a minimum of 10 min was required for root samples, and 20 min for shoot samples, to attain vapor equilibrium with the gas phase within the psychrometer. At these times, therefore, the RH of the gas phase in each sample chamber was determined; this minimum time afforded equilibration while allowing construction of PV curves with several points in the linear (zero turgor) portion of the plot to be completed in 6 to 8 h. Samples were then reweighed, and the average of the pre-and postdetermination weights was used in plotting the data (usually from 0.0-0.5 mg water sample-' was lost during a determination). Samples were gently aspirated in a stream of air to hasten dehydration between determinations, and + estimates were obtained at several states of tissue hydration.
Samples were growing with roots fully submerged in an aqueous solution, and further resaturation was not attempted. The initial, ambient 4, (i,) was recorded and its components (41.a, Ap) calculated. In order to appraise the actual adjustment in solutes, the osmotic potential at full turgor (t'; at 1 = 0) was calculated by estimating the fully turgid weight of the sample (the potential sample weight at V = 0) through extrapolation ofthe linear relation between sample FW and t (down to about -1.0 MPa) as previously described (18, 36) .
The inverse of the balance pressure (07'; y axis) was plotted against cumulative volume lost (V; x axis) and a least-squares linear regression fitted to the linear segment of the curve which developed when bulk turgor pressure had been lost (26, 31) . The slope of the linear segment is -I/RTNs, where Ns is the total number of osmotic solutes in all the living cells of the sample, R the gas constant, and T the absolute temperature. The y intercept of this line (-A-j) gave the inverse of 4,'r' and the x intercept gave the total volume of osmotic (symplastic) water in the tissue (Vref) (14) . The initial point in the linear segment was regarded as the water potential at the turgor loss point (1,0) (31) . ROWC was calculated as (14):
(1) and RWC as: (30) . Six to eight replicates per treatment were used for growth analysis.
RESULTS
Growth Analysis
In the absence of NaCl stress, growth of 10ca23 ranged from 41 to 70% of the wild type (Table I ). In contrast, under NaCl stress, growth of the two strains was about equal at 10 d and 10a23 was substantially larger than Hn-n after 17 d of treatment, with root growth greatly exceeding that in Hn-n. R/S was consistently higher for 10a23 under all treatments. Salinization increased R/S considerably in each strain.
Visual observations of the salinized plants after 10 and 17 d treatment showed obvious differences between the strains. At 10 d, Hn-n showed significant necrosis in leaves and a general darkening of roots, which were pale green in the control plants. Strain (Table II) .
An estimate of /,. in tissues with total bulk A 0 (i/4'°) gives a reference state for comparing tissues with varying RWC and ,6, and is often used in studies of drought physiology (15, 24, 26, 31 Changes in the A1 isotherm can signify acclimation to osmotic or ionic stress. A shift in the relationship, permitting tissue RWC to be maintained to lower i,, has been correlated with drought resistance (15, 32) . Similar shifts in the Ceratopteris & isotherms occurred with salinization, in whole sporophytes of each strain (Fig. 1, A and B ) and in roots of 10a23 ( Fig. 2A) .
Turgor potential was less in 10a23 across the spectrum of RWC in both salinized and unsalinized sporophytes on d 4 (Fig. IC) . On d 10, turgor was similar below 80% RWC for each genotype regardless of salt treatment (Fig. 1D) . The 10a23 strain exposed to NaCl had greater i/p above 80% RWC ond 10.
Exposure to osmotic or ionic stress commonly results in the maintenance of greater 4Vp at a particular ,6 (15) , and this was observed in each Ceratopteris strain after 4 and 10 d of salinization (Fig. 3) . Plants maintained i6p to lower i/' at d 10 than at d 4 ( Fig. 3) as a consequence of greater solute accumulation (Table II) . The two strains showed similar ip versus A1 relationships after 4 d of salinization (Fig. 3A) , but by 10 d turgor in 10a23 was substantially higher at A/s above -1.0
MPa (Fig. 3B ). Turgor at high i1 in unsalinized sporophytes was greater in Hn-n on both days.
Roots versus Shoots
The 10a23 strain showed greater root osmotic adjustment with salinization than Hn-n: 1t'T" was 0. was, however, greater at any particular A than in the wild type in salinized plants (Fig. 4A ). The 10a23 strain had more negative root 4P in the lower RWC range with salinization ( Fig. 2A) . Turgor was increased by salinization in roots of 10a23, but not Hn-n (Table IV) . Best fit regression lines showed shifts in the /ip versus At relationship which were indicative of resistance in roots of each strain; 10a23 tended to have greater turgors than Hn-n with salinization (Fig. 4A) . This relationship was similar between the strains in shoots (Fig. 4B ). Shoots and roots had a similar I,p versus A1 relationship in Hn-n, whereas in 10a23 4bp tended to be higher in roots than in shoots across the range of RWC (Fig. 4B) .
T/D was greater in roots of both strains, and greater in salinized roots of 10a23 than in Hn-n (Table V) . T/D decreased in each strain as a result of salinization. Relative osmotic and relative water content at ambient and zero turgor were similar in most cases in roots and shoots of both strains (Table V) . RWC°and ROWCa, however, were lower in shoots of 10a23.
DISCUSSION
Thermocouple Psychrometry and PV Analysis of Roots PV curves of roots of Ceratopteris yielded reasonable and precise estimates of 4.Q00,°0, and other parameters. Standard errors for these parameters compare favorably to those obtained on tissues of a number of species using the pressure chamber for PV analysis. Correlation coefficients of the zeroturgor regression lines (3-5 data pairs) were consistently quite high: r = 0.993 ± 0.002 for the root plots and r = 0.997 ± 0.001 for the shoot plots. The r values also compare very favorably with those of plots derived using the pressure chamber. Since pressurization is not involved in obtaining the ,6 estimates, measurements at lower levels of RWC are possible using psychrometry, which can enhance the precision of (and thus the confidence placed in) the regression.
Almost all PV analyses of plant tissues have employed the pressure chamber (31), although isotherms of leaf tissue have been constructed using the psychrometer (17 (22, 23, 29) . PV analysis of root tissue using the pressure chamber has been attempted (16, 27, 32) , and adjustments of 0.2 and 0.4 MPa were reported for roots of western hemlock (2, 3, 9) and has been suggested as a salt tolerance strategy adopted by plants (37) . Suaeda monoica also achieved very high cell osmolalities at relatively low external salt levels, and it was suggested that if this gives rise to a very high i,p, then fluctuations in i,p might be accommodated without major damage (37) . It Osmotic adjustment to drought has been correlated with decreases in T/D in lupin, cotton and wheat (1, 25, 32) . There appeared to be no correlation between osmotic adjustment and T/D in Ceratopteris.
Currently, we do not know if 10a23 simply accumulated more NaCl, or if some other substance(s) is responsible for the lowered i/K. Investigations are underway to identify these solutes.
Concluding Remark
These studies demonstrate the feasibility of using thermocouple psychrometry to obtain PV estimates of ,/,, and other parameters in roots. Perhaps even more importantly, they highlight the importance of including root water relations in studies of stress physiology. An examination of shoot tissues 
